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Abstract 
In this work, an experimental and numerical investigation into the impact behaviour of fibre-
metal laminates (FMLs) subject to low velocity impact is conducted. The study investigates 
the damage initiation and progression of FMLs in order to characterise and represent the 
complex damage responses and deformation that lead to strength and stiffness loss. Low 
velocity impact tests were experimentally conducted using a drop-test impact rig. Numerical 
analysis was conducted using Abaqus/Explicit, with damage models incorporated to represent 
in-plane composite damage, delamination, elastic-plastic behaviour of the metal layers at high 
strain rates, and failure in the adhesive layers. In addition to plastic deformation of the 
aluminium layers, matrix cracking, fibre failure and delamination of the composite glass-
epoxy prepreg were observed as critical damage modes. The numerical simulations exhibited 
good correlation with experimental impact tests in terms of kinematic response and damage 
development.  
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Introduction 
 
Fibre-Metal Laminates (FMLs) are a hybrid of metal and composite laminates that are 
increasingly being used in aircraft structural applications. Consisting of alternating layers of 
thin metallic sheets and fibre reinforced epoxy composite prepreg, the combination of 
mechanical properties of the monolithic metal and fibre-reinforced composite provides FMLs 
with mechanical advantages such as low density, high strength, and high damage tolerance.  
 
Understanding the failure mechanisms of the FML under impact loading is of primary 
importance in order to assess the damage tolerance of the material when used in aircraft. 
Impact damage is a key concern for aerospace structures, and is likely to occur during 
maintenance, manufacture and in-flight leading to internal damage to the structure. The 
inability to visually detect interior damage to composite layers, sometimes extending well 
beyond the impacted area, remains an important safety issue to the aerospace industry. 
Although there have been numerous experimental studies conducted on the impact resistance 
and damage tolerance of FML structures subject to impact, there is limited published work on 
the development of an accurate numerical model to validate these experimental results in 
order to predict the structural performance and damage mechanisms of FMLs under impact. 
Due to out of-plane loads associated with impact scenarios, this paper addresses the key 
damage mechanisms in the form of; (i) plastic deformation of the metal layers; (ii) matrix 
cracking and fibre failure; (iii) delamination between composite plies; and (iv) debonding of 
the metal and composite layer.  
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Experimental Procedure 
 
A series of experimental low velocity impact tests were conducted to evaluate the deformation 
and damage responses of FMLs. The FML test specimens were manufactured by stacking the 
aluminium, composite pregreg and film adhesive with dimensions 300 × 40 mm. The FML 
configuration consisted of surface layers of Al 2024-T3 aluminium alloy and a central 
laminate of [0/90/90/0] unidirectional glass/epoxy composite prepreg as shown in Fig 1. The 
average thickness of each aluminium layer was 0.406 mm and each ply of unidirectional 
glass/epoxy prepreg was 0.3 mm.  
 
 
                                      Fig 1. Configuration of the FML laminate 
 
Low velocity impact tests were performed using an instrumented drop-test impact rig. A 
spherical steel impactor of 12.7 mm in diameter and mass of 2.09 kg was used. A 300 × 40 
mm test specimen was clamped between two hydraulic clamps exposing an impact region of 
200 × 40 mm as shown in Fig 2. Various impact velocities were achieved by adjusting the 
impactor drop height, and specimens were tested with impact velocities v0 of 2.18 m/s, 2.8 m/s 
3.51 m/s and 4.35 m/s. A digital data acquisition computer system recorded the impact force 
history during the each test. Tests for each impact velocity were repeated four times.  
 
        
Fig 2. Impact drop-test rig and schematic of experimental setup 
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Numerical Modelling 
 
A finite element model was developed using Abaqus/Explicit 6.10 [1]. Three-dimensional 
solid elements with reduced integration (CD38R) were used to model the aluminium layers 
and hexahedral continuum shell elements (SC8R) were used for the glass/epoxy composite 
ply layers. An enhanced stiffness relaxation method was applied for hourglass control due to 
the excessive distortions of elements [1]. The adhesive bond between the glass/epoxy plies 
and aluminium sheets was modelled using the traction-separation cohesive law in Abaqus to 
represent the mechanical response of the adhesive under impact loading. The thickness of the 
adhesive is considered negligible in this analysis. The impactor was modelled as a rigid body 
surface. Two sides of the specimen were clamped, as per the experimental setup and 
appropriate boundary conditions were applied to the numerical model, as shown in Fig 3. 
 
 
Fig 3. Applied boundary conditions on the numerical model 
 
Material Modelling 
 
Due to the significant differences in the mechanical responses, and strain-rate sensitivity of 
aluminium and composite prepreg, different constitutive models were employed when 
numerically modelling the behaviour of the two materials [2].  
 
The Johnson-Cook material model was used to model the aluminium layers, allowing the 
variation of the yield strength and failure strain of the aluminium to be taken into account [3], 
as it undergoes large deformations due to impact. The Johnson-Cook model is a viscoplastic 
model that defines the flow stress as a function of equivalent plastic strain, strain-rate and 
temperature. The flow stress is represented with the following equation [4] 
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where s ¡ is the effective stress,e is the effective plastic strain, ε is the effective plastic strain-
rate, ε0 is the reference strain-rate (typically normalised to 1.0 s-1), n is the work hardening 
exponent, A, B, C and m are the material constants, and T*m is the homologous temperature. 
Temperature variation was not considered in this investigation, and was therefore taken as 
zero. Based on a cumulative damage law, the Johnson-Cook material model defines effective 
plastic strain at failure, εf by the following equation  
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where σ* is the stress triaxiality defined as the mean stress normalised by the effective stress, 
and the parameters D1, D2, D3, D4 and D5 are the fracture constants. Failure of the elements is 
assumed to occur when D = 1 [5]. The material model parameters for Aluminium 2024-T3 are 
listed in Table 1.  
 
Damage in the unidirectional glass/epoxy composite prepreg layers was modelled using the 
Abaqus damage model for fibre-reinforced laminated materials. This damage model uses the 
Hashin criteria to identify failure initiation in the fibre (f) and in-plane transverse (matrix, m) 
directions in tension (t) or compression (c). Following failure initiation, selected stiffness 
terms are reduced according to a linear stress-displacement law, which is set using the area 
under the stress-displacement curve, or “fracture energy” G, dissipated in each mode. 
Although some studies have been conducted to account for the strain-rate effects of 
glass/epoxy prepreg in an FML configuration [6, 7], there is still incomplete data available for 
individual constituents of FMLs, particularly for the glass fibre layers [8]. As such, quasi-
static elastic and strength properties [9-12] were used for the composite layers, which are 
given in Table 2 to Table 4.  
 
The adhesive was modelled using a surface-based cohesive interaction, with properties 
defined in Table 5. The traction-separation cohesive law is characterised in terms of peak 
failure strengths, tf n and tf s and fracture energies Gn and Gs, where n and s refer to the normal 
(Mode 1) and in-plane shear (Mode 2) directions, and the out-of-plane shear (Mode 3) values 
were taken as equal to the Mode 2 values [9]. 
 
Table 1. Johnson-Cook Material model parameters for Al 2024 T3 [4] 
Parameter Units Value 
ρ kg/m3 2770 
ν - 0.33 
E GPa 73.084 
A GPa 2.65 
B GPa 4.26 
n - 0.24 
C - 0.015 
m - 1.0 
 
Parameter Units Value 
D1 - 0.13 
D2 - 0.13 
D3 - -1.5 
D4 - 0.011 
D5 - 0 
   
   
Table 2. Elastic strength properties for 
unidirectional glass-epoxy [9-12] 
Parameter Units Value 
E11 GPa 55 
E22 GPa 9.5 
G12 GPa 5.5 
G23 GPa 3 
v12 - 0.33 
v23 - 0.33 
Table 3. Ultimate strength properties for 
unidirectional glass-epoxy [9-12] 
Parameter Units Value 
σLu,t GPa 2.43 
σLu,c GPa 2 
σTu,t GPa 0.05 
σTu,c GPa 0.016 
τLTu GPa 0.05 
τLTu GPa 0.05 
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Table 4. Fracture energies for glass-epoxy   
[9-12] 
Parameter Units Value 
Gf,t N/mm 12.5 
Gf,c N/mm 12.5 
Gm,t N/mm 1.0 
Gm,c N/mm 1.0 
 
 
 
Table 5. Material properties of adhesive      
[9-12] 
Parameter Units Value 
E GPa 2 
v - 0.33 
tf n GPa 0.05 
tf s GPa 0.05 
Gn N/mm 4.0 
Gs N/mm 4.0 
Contact Modelling 
 
Delamination is a critical damage mechanism for FMLs, significantly decreasing the global 
stiffness and residual strength of the overall structure. In order to therefore accurately capture 
delamination of the composite plies, each composite ply was modelled individually, and the 
Abaqus surface-based cohesive contact capability was used between each ply interface.  
 
 
Results 
 
Impact tests were conducted and the impact force-time history, peak loads and damage 
mechanisms were evaluated.  Examining the front and rear surfaces of the impact-damaged 
FML specimens, damage mechanisms in the form of plastic deformation and crack formation 
of the aluminium can be seen in Fig 4.  
 
Plastic deformation to the outer aluminium layers was categorised into Barely Visible Impact 
Damage (BVID) and Clearly Visible Impact Damage (CVID). At an impact velocity of 2.18 
m/s, a spherical shaped indentation was seen on the impacted (front) aluminium layer. No 
damage is observed on the non-impacted (rear) aluminium layer at this velocity. At increasing 
impact velocities, a larger permanent indentation and small surface cracking occurred on the 
front aluminium layer. Also, the rear aluminium layer exhibited a large elliptical indentation 
with a significant crack that was nearly 1.5 times the diameter of the impactor at the highest 
velocity.  
 
Fig 5 shows a comparison of the experimentally recorded and numerically predicted contact 
force-time histories for varying impact velocities. At the lowest impact velocity of 2.18 m/s, 
the peak load was reached at approximately 6 ms. The unloading curve is relatively smooth, 
indicting none or little damage to the FML test sample. Alternatively, at an impact velocity of 
4.34 m/s, the maximum peak load occurred at 4 ms. Sudden load drops after peak load may 
indicate that the damage threshold of the structure was reached and energy started to dissipate 
in the form of irreversible damage to the aluminium and glass/epoxy layers [13]. Comparison 
of the smooth unloading curve and significant oscillations after peak load in Fig 5a and Fig5b 
respectfully, may indicate plastic deformation in the form of front and rear aluminium 
cracking, as seen in Fig 4.  
 
 
 
 
 
Front surface Rear surface 
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Fig 4. Aluminium surfaces following impact 
(black regions on the front surface are from ink marker) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. Experimental and numerical force-time results. a) v0 = 2.18 m/s  b) v0 = 4.34 m/s 
 
Fig 6a shows results for permanent (residual) central deflection at different impact velocities. 
Central deflection of the test specimens is seen to increase approximately linearly, with 
significant deflections occurring at higher impact velocities. Fig 6b shows the variation of 
peak load with increasing impact velocities. Good correlation is seen between the numerically 
predicted and experimentally measured peak loads.  
b) 
v0 = 2.18 m/s 
v0 = 2.80 m/s 
v0 = 4.34 m/s 
a) 
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Fig 6. Experimental and numerical results. a) Residual central deflection b) Maximum peak 
load  
 
Numerical analysis of the panels after impact allowed for the damage analysis of the glass-
epoxy composite pregreg. The key damage modes identified for the composite were fibre 
failure, matrix cracking and delamination. Fig 7 shows the damage indices for fibre and 
matrix tension damage following impact, where the damage indices range from 0 for no 
damage to 1 for complete stiffness reduction in that mode. FML specimens subjected to an 
impact velocity of 2.18 m/s showed no penetration, however the resulting intralaminar and 
interlaminar damage of the composite plies extended beyond the impacted area as shown in 
Fig 7a. Fibre breakage and matrix cracking initiated at a localised region directly under the 
impactor after impact. Fig 7b shows that an increase in impact velocity resulted in a 
significant increase in the matrix failure, propagating along the length of the impacted 
specimen. Subsequent damage progression occurred with an increase in impact velocity. 
 
Fig 7. Damage indices following impact for fibre tension (HSNFTCRT) and matrix tension 
(HSNMTCRT) of the composite plies. a) v0 = 2.18 m/s   b) v0 = 4.34 m/s 
Fig 8 shows an increase in impact velocity resulted in an increase in delamination area. 
Delamination occurring on each of the ply interfaces are superimposed to show the overall 
a) 
a) b) 
b) 
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delamination growth area. The damage variables (CSDMG) applied to the numerical model 
assume variables between 0 (undamaged, grey) and 1 (completely damaged, blue). 
 
 
 
 
Fig 8. Delamination damage area growth.  a) v0 =  2.80 m/s, b) v0 =  3.51 m/s  c) v0 = 4.34 m/s 
 
 
Conclusion  
 
Understanding the deformation and damage mechanisms involved in the impact of FMLs is 
important to ensure the effective design of aircraft structures. Numerical analysis in 
conjunction with an experimental investigation was conducted to study the behaviour of 
FMLs subject to impact loads. FML specimens subjected to low velocity impacts resulted in 
significant damage in the form of BVID and CVID to both the aluminium and glass-epoxy 
prepreg. This damage was in the form of plastic deformation and cracking in the aluminium 
layers, as well as fibre breaking, matrix cracking and delamination in the glass-epoxy prepreg. 
The simulation results exhibited good correlation with experimental results across all impact 
velocities in terms of kinematic response and damage development.  
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